Abstract. Epoxy resins modified with low-viscosity hyperbranched epoxy were prepared. The tensile strength, flexural strength, impact strength, fracture toughness, glass transition temperature (Tg) of the cured samples were investigated. The results show that the addition of hyperbranched epoxy improves the overall mechanical and fracture performance because of the unique three-dimensional macromolecule structure. With the content of hyperbranched epoxy increases, the tensile strength, flexural strength, impact strength and fracture toughness all increases first and then decreases. This variation trend can be attributed to the reverse effect of crosslinking density and the rigidity of molecule chain of the hyperbranched epoxy. The Tg of the cured samples decreases in the whole range studied. The decrease of viscosity may be contributive to developing an easier fabrication process of the epoxy based materials.
Introduction
Epoxy resins (EPs) show several advantages such as high modulus, high strength, outstanding chemical resistance and excellent adhesion to numerous substrates, thus they are widely used in many engineering applications [1] [2] [3] . However, due to the tight crosslinking structure, EPs also present poor crack resistance and brittle fracture behavior, which usually limits their broader applications. Therefore, toughening and reinforcing the EPs are considered one of the key issues in epoxy industry. Up to now, EPs have been toughened and reinforced by rubber [4] , rigid micron particles [5] or nanofillers [6] . Most of these means toughen or reinforce the EPs at the expense of other properties. For example, liquid rubber can improve the fracture toughness of EPs effectively, but the strength and modulus of EPs will decrease sharply. And several kinds of nanofillers can simultaneously improve the mechanical performance and fracture toughness of the EPs, however, an undesirable rise in viscosity usually hampers the easy processing property of them.
Hyperbranched polymers (HBPs) are a category of macromolecules with three-dimensional structures. They show lower viscosity than those of the linear polymers at the same molecular weight owing to the unique structure. With many active groups on the molecule surfaces, HBPs have great potential in improving the fracture toughness of EPs [7] . At present, HBPs are researched in different applications, and already commercialized as reactive components in coatings and resin formulations.
In this study, a hyperbranched epoxy was used to toughen and reinforce the EPs. The content of hyperbranched epoxy was 3phr-15phr. Scanning electron microscopy (SEM) observation, differential scanning calorimetry (DSC) analysis and mechanical testing were used to investigate the effect of hyperbranched epoxy content on the microstructure, thermal performance, mechanical properties and fracture toughness of the epoxy resin. The main aim of this research is to improve the overall performance of the EPs without sacrifice of other key mechanical properties, thus providing technological guidance for the epoxy based materials in engineering applications. 400.0 700 2.06 Sample preparation. Firstly, the hyperbranched epoxy was mixed with the epoxy resin according to the content needed in this study, so that the epoxy blend was obtained. Secondly, the epoxy blend was mixed with the curing agent. Finally, the samples were cured in a stainless steel mold according to the manufacturer's recommended curing parameters. Characterization. The tensile strength and flexural strength of the cured samples were tested on a SANS CMT5105 universal testing machine at the temperature of 23 ℃, according to the standard of ASTM D638-2010 and ASTM D790-03, respectively. The impact strength was studied on a XJ-6608C impact instrument in terms of un-notched sample at 25 ℃ . The geometries of the impact samples are 80mm×10mm×4mm according to the ASTM D256 standard.
The fracture toughness of the composites was determined by way of the single edge notched bend (SENB) specimens in accordance with ASTM D5045-99. The rectangular coupons were cured in a steel mould with dimensions of 60mm×10mm×5mm. Fracture properties were characterized in terms of the fracture toughness (K IC ), which was listed as the following equations(1) [8] . The Possion ratios of the materials studied were 0.35 [9] .
The glass transition temperature (Tg) of the composites was measured by a Differential Scanning Calorimetry (DSC, Mettler-Toledo DSC823e, Switzerland). All the measurements were carried on under nitrogen atmosphere with a sample mass of 15mg. The samples were tested with a temperature range of 50~300℃ at a scanning rate of 10℃/min. The viscosity of the blend was tested on a Rheogeniometer (HAAKE MARS, Thermo Fisher Scientific) according the ASTM D1084-2008 standard. The scanning electron microscope (SEM, Hitachi S4800, Japan) was used to examine the morphologies of the fracture surfaces.
Results and discussion
Tensile and flexural strength. Effect of hyperbranched epoxy content on tensile strength of the cured samples is presented in Fig.1 . It can be observed that the tensile strength increases first and then decreases in the whole range. And it achieves the maximum value (71.1MPa) at the hyperbranched epoxy content of 9phr, increasing by 19.3% than that of the neat EP. The tensile strength of a cured sample is usually affected by the crosslinking density and the rigidity of molecule chain. In general, with the increasing content of hyperbranched epoxy, the crosslinking density of the cured system decreases. The hyperbranched epoxy used in this study has many rigid benzene rings in the molecule chain [10] . Therefore, with the increasing content of hyperbranched epoxy, the rigidity of molecule chain shows positive effect while the crosslinking density has negative effect on the tensile strength. Due to the reverse effect on tensile strength of the cured system, the variation trend above of the tensile strength was formed. Fig.2 shows the effect of the hyperbranched epoxy content on tensile strength of the cured system. As seen in the figure, the flexural strength presents similar variation trend as the tensile strength. Different with the tensile strength, the flexural strength achieves the maximum value (112.4MPa) at the hyperbranched epoxy content of 12phr, increasing by 28.0% than that of the neat EP. When the hyperbranched epoxy content increases from 12phr to 15phr, the flexural strength shows a sharp decrease. This phenomenon may also be attributed to the reverse effect of crosslinking density and the rigidity of molecule chain on flexural strength of the cured system. Fig.1 Effect of hyperbranched epoxy content on tensile strength of the epoxy resin.
Fig.2 Effect of hyperbranched epoxy content on flexural strength of the epoxy resin
Impact strength and fracture toughness. Effect of hyperbranched epoxy content on tensile strength of the cured system is shown in Fig.3 . It can be seen that all the filled samples show enhancement on impact strength. When the hyperbranched epoxy content increases to 9phr, the impact reaches its maximum value of 36.4KJ/m 2 , increasing by 195.9% than that of the neat EP. Meanwhile, the fracture toughness increases first and then decreases in the whole range (Fig.4) . It achieves the maximum value of 1.35MPa⋅m 1/2 , increasing by 104.5% than that of the neat EP. The impact strength and fracture toughness reflect the crack resistance ability under dynamic and quasi-static conditions, respectively. Combined with the results obtained in Fig.1 and Fig.2 , the overall improvement of tensile strength, flexural strength, impact strength and fracture toughness indicates that the addition of hyperbranched epoxy contributes to improving not only the mechanical strength but also the fracture performance of the neat EP. Glass transition temperature and viscosity test. Fig.5 shows the effect of hyperbranched epoxy content on Tg of the cured system. As seen in the figure, Tg decreases from 128.4℃ to 92.3℃ with the hyperbranched epoxy content increases from 3phr to 15phr, and this decline trend gradually slows down. When the hyperbranched epoxy content further increases to 15phr, Tg of the cured system remains almost unchanged. The molecular weight of the hyperbranched epoxy used in this work was much greater than that of the epoxy resin, thus the increasing content of hyperbranched epoxy will reduce the crosslinking degree of the cured system. And the decrease of crosslinking degree usually means a lower Tg. Similar reports also exist in the published literature [10] . The viscosity of the epoxy blend before curing usually affects the difficulty degree of processing. Therefore, the viscosity is also considered a key property of the epoxy blend. Fig.6 shows the viscosity testing results of the epoxy blend filled with different content of hyperbranched epoxy. As the hyperbranched epoxy content increases from 3phr to 15phr, the viscosity decreases from 12.1Pa⋅s to 10.1Pa⋅s, decreasing by 16.5% than that of the neat EP. Hyperbranched polymers are macromolecules with three dimensional structures, thus their viscosity is lower than that of linear molecules in the same molecular weight because of their special structure. Different with the addition of micron or nano sized fillers into an epoxy blend, the addition of hyperbranched epoxy decreases the viscosity of the epoxy blend instead of increasing it, which contributes to make it easier to fabricate the epoxy based materials. Improvement mechanism. Fig.7 indicates the SEM micrographs of the fracture surfaces filled with different content of hyperbranched epoxy. As seen in the figure, the fracture surface of neat EP is very smooth (Fig.7a) because of the brittleness. This feature indicates a brittle and unstable crack propagation manner, which result from the low fracture toughness and fracture energy. After adding 3phr hyperbranched epoxy into the epoxy system, the fracture surface of the cured sample (Fig.7b) shows some crack propagation lines along the fracture direction. This phenomenon implies an improvement of the fracture toughness of the materials. When the hyperbranched epoxy further increases to 9phr, the fracture surface is rougher with some filamentous features debonding away (Fig.7c) . However, no phase separation was observed on the fracture surface. This toughening and reinforcing mechanisms can be described by in situ homogeneous mechanism [11] . From the above results, it can be found that with the addition of hyperbranched epoxy, the overall properties such as tensile strength, flexural strength, impact strength and fracture toughness are all improved. Moreover, the decrease of viscosity may be contributive to developing an easier fabrication process of the epoxy based materials. 
Conclusions

1)
Epoxy resins modified with low-viscosity hyperbranched epoxy were prepared. The hyperbranched epoxy improves the overall mechanical and fracture performance because of the unique three-dimensional macromolecule structure.
2) The addition of hyperbranched epoxy increases the tensile strength, flexural strength, impact strength and fracture toughness of the cured samples, while decreases the Tg and viscosity of the materials.
3) With the content of hyperbranched epoxy increases, the tensile strength, flexural strength, impact strength and fracture toughness all increases first and then decreases. This variation trend can be attributed to the reverse effect of crosslinking density and the rigidity of molecule chain of the hyperbranched epoxy.
